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Uptake Coefficients of Some
Volatile Organic Compounds
by Soot and Their Application
in Understanding Particulate
Matter Evolution in Aircraft
Engine Exhaust Plumes
To assist microphysical modeling on particulate matter (PM) evolution emitted from air-
craft engines, uptake coefficients of some volatile organic compounds on soot were exper-
imentally determined in this study. The determined values vary from (1.06 0.1) 106
for water-miscible propylene glycol to (2.56 0.1) 105 for 2,6-dimethylnaphthalene, a
polycyclic aromatic hydrocarbon. An inverse power-law correlation between uptake
coefficient on soot and solubility in water was observed. Using the correlation, micro-
physical simulations were performed for the exhaust plume evolution from an idling air-
craft, and we found that the model-predicted volatile PM composition on soot is
comparable with those results from past field measurements. [DOI: 10.1115/1.4027707]
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1 Introduction
Particulate matter (PM) emissions from aircraft engines can
have significant environmental impacts [1–6]. Both volatile and
nonvolatile PMs are present in the exhaust of aircraft gas turbine
engines. Emitted to the ambient air, the engine exhaust is diluted
and cooled by the surrounding environment, so partitioning of the
volatile species such as volatile organic compounds (VOCs) and
sulfuric acid from gas-phase to PM starts after the engine exit
plane. This process will continue via microphysical interactions
over a distance of hundreds of meters downstream. Accurate
quantification for both the nonvolatile black carbon soot emissions
and the volatile contributions to particle mass is necessary for esti-
mates of environmental and health impacts. The scientific under-
standing of volatile particle formation and growth for aircraft
engine exhaust is still evolving, and neither a complete predictive
capability nor a standard measurement approach has been devel-
oped. Investigations with microphysical plume models have dem-
onstrated that aircraft soot emissions play an important role in
contrail formation [7,8]. For the models to be quantitatively accu-
rate, some critical parameters such as mass accommodation coef-
ficients need to be determined experimentally for each interacting
volatile species.
This experimental investigation quantifies specific VOC uptake
on nonvolatile black carbon soot particles. A large number of
uptake coefficient measurements have been made for several oxy-
genated compounds (e.g., HNO3, N2O5, NOx, and O3) [9–25].
However this process has not been studied for VOCs present in
the aircraft engine exhaust plume. For example, Saathoff et al.
examined the coating of ozonolysis products of a-pinene on soot
at a high relative humidity (RH 90%) and found that the organic
coating of soot particles leads to a compaction of the soot fractal
agglomerates [26].
On the other hand, uptake of organic gas-phase species by eth-
ylene glycol, 1-octanol, and 1-methylnaphthalene droplets has
been extensively investigated by Zhang et al. [27,28]. They found
that uptake coefficients of water-soluble species such as HCl by
1-methylnaphthalene is less than 103 compared to 0.44 and 0.47
for m-xylene and a-pinene, respectively. It appears that the chemi-
cal affinity of the interface and the physical properties of organic
compounds play significant roles in uptake kinetics.
In a previous study [29], we demonstrated the determination of
the uptake coefficient of naphthalene by simultaneously meas-
uring the organic concentration in both the gas and PM phase. In
this study, a number of polycyclic aromatic hydrocarbons (PAHs),
including 1-methylnaphthalene (C11H10) and 2,6-dimethylnaph-
thalene (C12H12) were investigated for their uptake on combustion
soot via a similar experimental setup. The solubility of 1-
methylnaphthalene in water is 26 mg l1 at ambient conditions
while that of 2,6-dimethylnaphthalene is 1.3 mg l1 [30]. Like the
rest of PAHs, they are essentially water-insoluble and considered
hydrophobic. In addition to 1-methylnaphthalene and 2,6-
dimethylnaphthalene, three water-soluble volatile organic com-
pounds were also investigated for their uptake properties. These
compounds include two water-soluble organic alcohols, propylene
glycol (C3H8O2) and phenol (C6H6O), and one slightly water-
soluble (1 g/l) organic alcohol, 1-nonanol (C9H20O).
Among the studied organic compounds, phenol, methylnaph-
thalene, and dimethylnaphthalene have been detected by proton
transfer reaction mass spectrometer in real-time from commercial
aircraft engine exhausts in the past field investigations [31,32].
Phenol also belongs to the list of hazardous air pollutants in Sec.
112 of the U.S. Clean Air Act (1990). Since aircraft engines emit
higher VOC levels at ground idle, our study will focus on uptake
events at 293K. The VOC levels applied in this study are compa-
rable to the measured values from aircraft engine exhausts at
ground idle.
The objective of this research project is to understand, quantify,
and predict volatile particle evolution in aircraft-emitted plumes.
Particles directly emitted from aircraft engines and generated
subsequently in the downstream plumes have significant impacts
on climate, human health, and air quality. As a result of being
cooled and diluted with ambient air, the properties and sizes of
the PMs are drastically changed through microphysical processes
within a residence time of a few minutes. To understand the
impacts of aircraft-emitted PMs as well as to possibly formulate
strategies to mitigate these impacts, it is important to understand
the microphysical processes and the atmospheric evolution of
PMs.
2 Experimental
The experimental system has been described in detail previ-
ously [29]. In brief, the system includes soot formation and sam-
pling apparatus, a thermal soot denuder, vapor generation and
mixing devices, and gas and particle detection instruments. Com-
bustion soot particles were generated by a mini-CAST combustion
aerosol standard (Jing Ltd., model 5200), which consists of a
well-controlled propane diffusion flame. This soot generator has
been applied as a reliable soot source in a number of investiga-
tions on combustion soot particles [33]. Although previous studies
have found that uptake on soot varies with soot sources and fuels,
it would be extremely difficult for us to directly use an aviation
soot source for this study due to operational cost and safety. The
mini-CAST is currently accepted as the standard soot source for
instrument calibration during the demonstrations for an aerospace
recommended practice on aviation soot measurements [34].
In this study, before mixing with the gaseous VOC to be stud-
ied, the soot stream was passed through a thermal soot denuder
(Aerodyne Research, Inc.) operated at 150 C to remove the vola-
tile composition and to ensure little organic coating on the soot
particles. Previous field measurements on aircraft PM emissions
revealed that volatile composition on aviation soot particles is
relatively low at the engine exit plane [35]. Processing with the
thermal denuder makes the mini-CAST-generated soot particle
composition similar to aviation soot.
Particle size distribution in mobility diameter (Dm) was meas-
ured by a scanning mobility particle sizer (SMPS, model 3936,
TSI), which consists of a differential mobility analyzer (model
3080, TSI) and a condensation particle counter (CPC, model
3025A, TSI). Black carbon mass of the soot particles was meas-
ured by a multiangle absorption photometer (MAAP, model 5012,
Thermo Scientific). The gaseous VOC concentration was continu-
ously monitored with a heated flame ionization detector (HFID,
model 600, California Instruments) at 160 C [36], while the mass
of VOC coatings on soot particles was measured by a compact
time-of-flight aerosol mass spectrometer (CToF-AMS), manufac-
tured by Aerodyne Research, Inc. [37–39]. The CToF-AMS is ca-
pable of simultaneously providing quantitative size and chemical
mass loading information for nonrefractory nanoparticles. Since
chemical composition of the particles are detected with the CToF-
AMS by being heated on a roughened molybdenum surface under
high vacuum (107Torr) at about 600 C, it only detects the vola-
tile and semivolatile composition of combustion soot particles. In
principle, completely denuded soot particles cannot be monitored
by this technique, while the coated soot particles are detectable.
Characterization of the soot particles was reported in the previous
study, and particle size and total number concentration of the soot
were kept similar to the prior study of naphthalene [29].
At ambient conditions, all the species yield an appreciable
vapor pressure (VP) from 2.8 Pa for 2,6-dimethylnaphthalene to
61 Pa for phenol, compared to less than 0.1 Pa for sulfuric acid.
Using sulfuric acid as criteria reference suggests that all the
applied VOCs are more volatile than sulfuric acid. All the studied
VOCs are listed in Table 1 along with several important physical
properties including melting point (MP), boiling point (BP), and
VP at 25 C [40].
In this study, concentrations of the tested volatile species were
controlled via a nitrogen flow over high-purity samples. Because
of the relatively low vapor pressures of 2,6-dimethylnaphthalene
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(2.8 Pa) and 1-nonanol (4.0 Pa) at room temperature, the sampling
tube was slightly heated to keep the temperature of 5–10 C above
room temperature for these two compounds in order to generate a
well-detectable vapor for the HFID measurements. For all the
studied compounds, vapor pressures of the mixed soot/VOC flow
were below the species saturation limit so the gaseous compounds
would not condense on the soot particles. The uptake of such
volatile species only leads to a thin coating on the soot particles.
A portion of the simultaneous CToF-AMS and HFID measure-
ments on phenol is shown in Fig. 1. The green line is the measured
total PM organic mass from the CToF-AMS corrected for trans-
mission efficiency [41] and the red line is the measured phenol
concentration in the mixed soot/VOC flow by the HFID. The
obtained PM organic mass responded almost simultaneously
to the variation of phenol concentration, indicating that any
response delay due to the large wall area of the sampling tube is
negligible in this case. Experimental uncertainty is approximately
0.3 lg m3 for the CToF-AMS measurement and 0.1 ppm carbon
for the HFID measurement. In this study, nitrogen carrier flow
over the phenol sample was mixed with the soot flow to generate
a test point for a period of approximately 30min and then
bypassed the phenol sample to yield a baseline period for the PM
organic measurement from the CToF-AMS. The obtained baseline
represents the residue of volatile composition of soot particles
after the thermal soot denuder.
3 Results and Discussions
3.1 Particle Size Growth. Since the vapor pressures of the
mixed soot/VOC flow for all the studied VOCs were below their
saturation limit, significant particle size growth from condensation
on soot surface was not observed in this study. As shown in Fig. 2
from the SMPS measurement, the particle size distribution of the
soot particles in mobility diameter (Dm) remains the same, with
the geometric mean diameter equal to 1216 2 nm, after 15.6 ppm
of phenol vapor was flowed with the denuded soot particles. We
observed the same phenomenon for all the studied VOCs.
Our observation of little particle size growth from the SMPS
measurement agrees with the CToF-AMS and MAAP measure-
ments on PM volatile and nonvolatile mass. For instance, with
15.6 ppm of phenol in the sample flow, PM organic mass concen-
tration measured by the CToF-AMS increases by 1.2 lg/m3, com-
pared to the soot mass concentration of nearly 5mg/m3 measured
by the MAAP. The small mass increase (0.02% compared to
Table 1 List of VOC physical properties and uptake coefficients on combustion soot particles determined in this work
Name Structural representation MP (C) BP (C) VP at 25 C (Pa) c Solubility in water (g/l)a
1-methylnaphthalene 22 240 9.03 (1.166 0.6) 105 0.026
2,6-dimethylnaphthalene 106 264 2.12 (2.56 0.1) 105 0.0013
1-nonanol 6 214 3.03 (3.36 0.7) 106 1.0
Phenol 43 182 46.6 (1.96 0.1) 106 8.3
Propylene glycol 59 188 20.0 (1.06 0.1) 106 Fully miscible
aFrom Handbook of Aqueous Solubility Data, 2rd ed., CRC Press, Boca Raton, FL.
Fig. 1 A portion of simultaneous HFID and CToF-AMS meas-
urements on uptake of phenol by soot
Fig. 2 The SMPS measurement on soot particle growth from
uptake of 15.6ppm phenol
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soot mass) due to the VOC coating on the soot surface does not
create any detectable particle size growth.
According to analysis of uptake processes by Seinfeld and Pan-
dis [42], there are three contributions to overall resistance to
uptake: Gas-phase diffusion, mass accommodation at the surface,
and interfacial transport/aqueous-phase diffusion. Given that the
mass increase from the VOC coating on the soot surface is small,
we believe that contribution from interfacial/transport/aqueous-
phase diffusion is negligible in this study. In Sec. 3.2, we will also
demonstrate that gas-phase diffusion resistance is very small com-
pared to that from mass accommodation, so at first order approxi-
mation, the determined uptake coefficients can be considered as
mass accommodation coefficients, which are critical for the
microphysical model of PM evolution.
3.2 Determination of Uptake Coefficient. The methodology
used to determine uptake coefficient for the investigated VOCs
was the same as we described in the previous publication [29]. In
brief, according to the kinetic uptake model developed by Wor-
snop and coworkers [43,44], the uptake coefficient, c, defined as
the probability of a gaseous VOC molecule sticking on the soot
surface, can be determined as the following:
Dn
n
¼ c cAdN
4Fg
(1)
where Dn is the mass concentration of VOC coated on soot par-
ticles as measured by the CToF-AMS, n is the mass concentration
of the VOC vapor measured by the HFID, c is the mean thermal
velocity of VOC, which equals to
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
8RT=pM
p
, N is the total num-
ber of soot particles determined from the SMPS measurement, Ad
is the surface area of soot particle, and Fg is the volumetric flow
rate.
In the previous study on naphthalene, the determination of Ad
was based on the SMPS-AMS measurements [45,46]. Since com-
bustion soot are fractal particles, determination of soot surface
area with the SMPS-AMS method may result in a large uncer-
tainty. To be more precise in quantification of surface area, we
applied the Brunauer–Emmett–Teller (BET) method for nitrogen
adsorption at liquid nitrogen temperature to determine surface area
of the combustion soot [47,48]. The obtained BET adsorption iso-
therm for the mini-CAST-generated soot particles is plotted in
Fig. 3, which yields the specific surface area of 1186 4 m2 g1.
Since particle count and mass in the sample flow was also simulta-
neously monitored by the CPC and MAAP, we thus obtained the
average particle number per gram of soot, Cd¼ (1.36 0.1) 1015
particle g1. Thus, Ad was determined to be (9.16 0.7) 104 nm2,
by taking the ratio of the BET specific surface area to Cd. This
result shows that the BET isotherm determined surface area is
much larger than the geometric surface area, in agreement with the
previous investigation by Aubin and Abbatt [49].
According to Eq. (1), the linear regressions of Dn versus
cnAdN=ð4FgÞ through the origin for all the measured VOCs were
performed using the experimentally determined parameters. The
determined uptake coefficients from the linear fit with one stand-
ard deviation uncertainty are listed in Table 1. Uptake coefficients
for the aromatic 1-methylnaphthalene and 2,6-dimethylnaphtha-
lene are larger than the water-soluble alcohols.
As we mentioned in Sec. 3.1 that, there are two contributions to
uptake process: Gas-phase diffusion and mass accommodation on
surface, which can be expressed as [28]
1
c
¼ 1
Cdiff
þ 1
a
(2)
Here, Cdiff represents the effect of gas-phase diffusive transport
on uptake and a is mass accommodation coefficient. Using the
Fuchs–Sutugin formulation, Cdiff can be calculated as [50]
1
Cdiff
¼ 0:75þ 0:283Kn
Kn 1þ Knð Þ
a11 a12 a13
a21 a22 a23
a31 a32 a33
0
@
1
A (3)
where Knudsen number, Kn ¼ 2k=df ; k ¼ 3Dg=c is gas-phase
mean free path, df is the diameter of the soot particle (121 nm in
this case), and Dg is the diffusion coefficient of the VOCs under
the experimental condition. Given that Dg is between 0.08 and
0.11 cm2/s for the studied VOCs, we found 1/Cdiff is about 0.2 in
this study. Our experimental measurements demonstrate that 1/c
varies from 4 104 for 2,6-dimethylnaphthalene to 1 106 for
propylene glycol. These results suggest that the effect of gas-
phase diffusion on uptake is negligible and the determined uptake
coefficients can be considered as mass accommodation coeffi-
cients for these VOCs.
3.3 Uptake Coefficient and Solubility in Water. To under-
stand the thermodynamic behavior of a complex chemical system,
solubility in water has been used as a quantitative molecular
parameter to correlate with a variety of molecular properties,
Fig. 3 The BET adsorption isotherm of the denuded combus-
tion soot particles from mini-CAST soot generator
Fig. 4 The power-law correlation between c and S, where c is
the determined uptake coefficient on soot and S is solubility in
water. The linear regression fit yields a520.3060.02 and con-
stant C525.4160.02, with a correlation coefficient, R25 0.998,
implying a very strong correlation.
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especially in the interpretation of hydrophobic interactions
[51–56]. As shown in Table 1, propylene glycol, miscible in
water, is the most water-soluble species among the group; while it
has the smallest uptake coefficient, c¼ (1.06 0.1) 106. On the
other hand, 2,6-dimethylnaphthalene is the least water-soluble
(solubility in water¼ 0.0013 g l1) but its uptake coefficient,
c¼ (2.56 0.1) 105, is the largest, about twenty times larger
than propylene glycol. It appears that the obtained uptake coeffi-
cient values of the organic species investigated in this study inver-
sely correlate with their solubility in water. Fresh combustion soot
is typically considered as hydrophobic and this statement has been
proved experimentally in the past through aging the soot particles
[10,11]. For instance, Zuberi et al. oxidized fresh soot by exposure
to OH and O3 in the presence of UV radiation. They found that
the mass due to water uptake on the aged soot increases with
aging time [11]. Our experimental observation is consistent with
the conventional thought that combustion soot particles are hydro-
phobic so water-insoluble hydrocarbons like PAH have larger
uptake coefficient than the water-soluble species such as alcohols
and organic acids.
To further quantify the observed correlation between uptake
coefficient and solubility in water, we presented this inverse corre-
lation in a logarithm plot, as shown in Fig. 4. The logarithm of
uptake coefficients varies in a linearly inverse correlation with the
logarithm of solubility in water, in g l1, as the following:
log c ¼ a log Saq þ C (4)
where Saq is the solubility in water. The slope of this linear fit in
Fig. 5 is determined to be a¼0.306 0.02, with a correlation
coefficient, R, value of 0.999, implying a very strong correlation.
The value for constant C from the fitting is 5.416 0.02. This
plot suggests that a phenomenological power-law correlation
exists between VOC uptake coefficients on denuded combustion
soot and solubility in water.
As demonstrated in this study and other investigations [29] on
uptake of organic compounds on soot surface, uptake coefficients
of VOCs on soot are usually small. Thus, measuring uptake coeffi-
cient requires determination of VOC concentration in a large
dynamic range, normally more than five orders of magnitude. This
makes its experimental measurement difficult and expensive. Solu-
bility in water is a well-known physical property for a large number
of organic compounds. The correlation between uptake coefficient
on soot and solubility in water may help to estimate the uptake
properties without many costly experimental measurements.
3.4 VOC Partition in Aircraft Engine Exhaust. We have
previously developed a microphysical simulation model to takes
complex vapor to liquid partitioning and plume dilution and mix-
ing with ambient air into account. The model has been described
in detail in the previous publications [57,58]. The model takes the
engine exit state, including parameters about gaseous species
composition as well as soot size and loading, and ambient cool-
ing/dilution profile as the user inputs, and simulates how the spe-
cies condense and form PMs by accounting for nucleation,
coagulation, and soot coating. One of the major challenges to
apply this model to obtain quantitative predictions is the lack of
accurate VOC mass accommodation coefficients on soot surface.
The results from this laboratory study on uptake coefficients of
VOCs by combustion soot particles provide the valuable experi-
mental measurements and also enable the use of relevant uptake
coefficient values based on the known water solubility in the
model. As we discussed in Secs. 3.1 and 3.2, the determined
uptake coefficients can be considered as mass accommodation
coefficients under the present experimental conditions.
Using the results from this study, we simulated the CFM56-
2C1 engine studied in the aircraft particle emissions experiment
(APEX) at idle (7%) power using our detailed microphysical
model. Based on the gas-particle partitioning method proposed by
Robinson and coworkers to represent the volatile organics distri-
bution in diesel exhaust [59,60], our modeling study was per-
formed with six organic compounds: Pentanoic acid (C5H10O2),
naphthalene (C10H8), anthracene (C14H10), pyrene (C16H10),
perylene (C20H12), and anthanthrene (C22H12). The selected VOC
species have ambient saturation vapor concentrations on the order
of 106, 104, 102, 100, and 102lg m3, and the relative composi-
tion among the species was assumed to follow the half of a log-
normal distribution with respect to the saturation vapor concentra-
tion. Low volatility organic species in engine emissions are usu-
ally water-insoluble, and thus, we selected one water-insoluble
VOC for each volatility bin except for the highest volatility
(106lg m3), where one water-soluble and one water-insoluble
were used. The sum of each VOC concentrations was set to
3.6 ppm, which would give a naphthalene concentration of 1 ppm
that matches the value that was measured during APEX [6].
Sulfuric acid concentration at the engine exit was estimated
based on 600 ppm fuel sulfur content and 0.35% conversion from
SO2 to sulfuric acid. The estimated conversion rate comes from
previous theoretical and experimental investigations, which found
that only a small portion of SO2 was converted into sulfuric acid
[61–65]. To reduce computation time, soot emissions at the engine
exit plane were assumed to be monodisperse with a diameter of
20 nm and a concentration of 3.4 108cm3. The dilution and
cooling profile was calculated by an empirical model by Nickels
and Perry’s turbulent coflowing jet [65,66] using an ambient tem-
perature of 293K and an ambient relative humidity of 60%.
Microphysical evolution of soot particles up to 2 km downstream
of the engine was specifically tracked.
As shown in Fig. 5, mass fractions of total organic compounds
in nucleation particles on soot surface and in gas-phase were pre-
dicted as a function of downstream distance. Organic compounds
in PM are initially predominant in the liquid droplets (nucleation
mode particles). After the soot surface is activated by sulfuric
acid, more organics are uptaken on soot. Due to the volatile nature
of these organic compounds, their final mass fractions in PM is
small (<7%) compared to those in the gas-phase. In contrast, as
presented in Fig. 6, the mass fraction of sulfuric acid in PM
increases from about 25% at 100m to almost 100% at 1000m,
indicating significant partitioning from the gas-phase into the PM
phase. This is not only because of sulfuric acid’s large uptake
coefficients but also due to its low saturation vapor pressure at
room temperature. Because the VOCs have much higher initial
gas-phase concentrations, however, the contribution from organics
eventually becomes more significant than sulfuric acid as shown
in Fig. 7
In Fig. 7, the modeling results demonstrate that the soot par-
ticles emitted by an idling aircraft continue increase over a long
distance. At the current condition, contribution from sulfuric acid
Fig. 5 The simulated mass fraction of naphthalene, methyl-
naphthalene, dimethylnaphthalene, and phenol on soot emitted
from CFM56 aircraft engine. The determined uptake coefficients
in this study were used as dry mass accommodation coeffi-
cients in the modeling.
Journal of Engineering for Gas Turbines and Power DECEMBER 2014, Vol. 136 / 121501-5
Downloaded From: http://gasturbinespower.asmedigitalcollection.asme.org/ on 04/12/2018 Terms of Use: http://www.asme.org/about-asme/terms-of-use
reaches a maximum around 500m downstream when almost
100% of sulfuric acid is coated on soot; while the contribution
from organics keeps increasing further. The initial soot diameter
increases from 20 nm at the engine exit to about 21.5 at 1000m
downstream via uptake of volatile species.
In comparison with the field measurements, our simulation
results predict that at 30m downstream, volatile PM on soot sur-
face contains 54% organic, 24% water, and 22% sulfate; while the
previous AMS measurements from a 30m probe showed an aver-
aged semivolatile PM composition of 56% organic and 44% sul-
fate for a number of CFM56 engines [35]. The result from the
microphysical simulation is in a good agreement with the
experimental values, given that experimental uncertainties are
normally large. Water detection by the AMS has been only quali-
tative because of its vaporization in vacuum. Going further down-
stream, the plume is highly diluted and influenced by the wind
and other ambient activities, and it is difficult to quantify the vola-
tile species with high confidence. However, our previous measure-
ment experience is that the PM in the long-aged plume is usually
dominated by organics, which is consistent with the simulation
results.
The results from the microphysical modeling suggest that both
uptake and volatility are critical in determining gas to particle par-
titioning on aviation soot particles. Thus, this laboratory study of
VOC uptake coefficients on soot can be extended to those species
that are semivolatile in nature, which are sensitive to uptake coef-
ficients in the near-field and have low enough vapor pressure to
have significant condensation further downstream. Given the com-
plexity of volatile PM evolution in aircraft engine exhausts,
although our modeling provides comparable results to the field
measurements, precision of a number of critical parameters
especially those that are temperature-dependent still needs to be
verified.
4 Summary
We determined uptake coefficients of 1-methylnaphthalene,
2,6-dimethylnaphthalene, 1-nonanol, phenol, and propylene
glycol on combustion soot particles in this study. Little condensa-
tional growth on soot particles was observed due to the subsatu-
rated vapor pressure of these gas-phase species allowing the
uptake process to be independently studied. An inverse power-law
correlation between uptake coefficient of a VOC species on soot
and solubility of the same species in water was found from our
Fig. 6 The simulated mass fraction of sulfuric acid in vapor phase, liquid droplets, and coated on soot surface emitted from a
CFM56 aircraft engine
Fig. 7 Volume increase per particle versus downstream dis-
tance, due to volatile PM composition coated on soot surface,
including organics, sulfuric acid and water
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measurements, suggesting that it is possible to predict uptake
coefficients on soot via their correlation with solubility in water.
We performed a microphysical simulation using a 6-species
PM surrogate model with mass accommodation coefficients based
on this finding, and we found that almost 100% of sulfuric acid
quickly coats on the soot particles within the first 500m and,
although slow, the organic compounds continues to condense and
eventually dominate the soot coating composition. This modeling
result agrees well with plume exhaust measurement data from
tests on a CFM56-2C1 aircraft engine.
Acknowledgment
The authors would like to thank Dr. Meredith Colket at UTRC,
Dr. Bruce Anderson and Dr. Richard Moore at NASA Langley
Research Center for helpful discussions during the course of this
work.
This study was financially supported by the Strategic Environ-
mental Research and Development Program (SERDP) of Depart-
ment of Defense Contract No. W912HQ-08-C-0052 (WP-1625).
Nomenclature
APEX ¼ aircraft particle emissions experiment
BET ¼ Brunauer–Emmett–Teller
CPC ¼ condensation particle counter
CToF-AMS ¼ compact time-of-flight aerosol mass spectrometer
Dm ¼ mobility diameter
GMD ¼ geometric mean diameter
HAP ¼ hazardous air pollutant
HFID ¼ heated flame ionization detector
MAAP ¼ multiangle absorption photometer
PAH ¼ polycyclic aromatic hydrocarbon
PM ¼ particulate matter
PTR-MS ¼ proton transfer reaction—mass spectrometer
RH ¼ relative humidity
SMPS ¼ scanning mobility particle sizer
VOC ¼ volatile organic compound
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